The epitaxial growth of {111} oriented Au on MoS 2 is well documented despite the large lattice mismatch (≈ 8% biaxial strain), and the fact that a Au {001} orientation results in much less elastic strain. An analysis based on density functional and linear elasticity theories reveals that the {111} orientation is stabilized by a combination of favorable surface and interfacial contributions to the energy, and the compliance of the first layer of the MoS 2 .
FIG. 2: (color online) The strain energy per unit cell for Au deposition on MoS 2 in two orientations
computed assuming that the MoS 2 is unrelaxed, and that surface and interfacial energies make negligible contributions to the energy. Note that the strain energy associated with the {111} orientation of Au exceeds the strain energy of the {001} oriented growth by a substantial amount.
TEM images did not allow for measurement of island thicknesses. Finally, only the {111} orientation was considered in any detail.
In the most simple model of epitaxy, the substrate is assumed infinite, and as a consequence, it does not relax during the growth process. For Au on MoS 2 , two possible orientations of the growing film are shown in Fig. 1 . For the {111} orientation, the biaxial strain required in the film is approximately 8%. In contrast, the {001} oriented film the strains are approximately -6% and 8% in the directions shown. Based on these strains, one would expect that the {001} orientation would be much more favorable, and consequently would be predominantly the experimentally observed orientation. Figure 2 compares the elastic energies of the two films (neglecting surface and interfacial stresses and energies) as a function of the number of layers of Au grown assuming the substrate is rigid. Clearly, the elastic energy of the {111} orientation is much larger than that of the {001} orientation. This observation raises a fundamental questions regarding the growth: Why is the predominant orientation {111} and not {001}?
In the following paragraphs a model to explain the experimentally observed film orientation is developed. The model assumes that due to the weak VDW bonding between layers of MoS 2 , the surface layer is able to relax nearly independently of the remaining bulk layers. The compliance of the substrate, when coupled with the surface and interface energies (including strain energies) results in a lower formation energy for the {111} orientation as compared with the {001} orientation, in agreement with experiment.
The model is built on two types of calculations. First, a continuum linear elastic model for the epitaxial growth of Au on MoS 2 including the relaxation of the substrate and the influence of surface/interface energies and strains is developed. The parameters for this model are then determined using density functional theory (DFT) based electronic structure total energy methods.
The continuum linear elastic model is developed by proposing a "synthesis path" and then computing the energy contributions along this path. (Note that this path is not necessarily experimentally accessible. It simply facilitates computation.) The initial step in forming an epitaxial layer can be taken as the extraction of a thin slab of the growing material from a bulk crystal. This extraction creates two surfaces, and the energy of the slab is increased by the surface energies (that reflect any strain in the as produced surfaces). The next step is to strain the film to its final strain in its epitaxially bonded state. This contributes the strain energy of the bulk plus any contribution to the strain energy from the surfaces. The third step is to separate the first substrate layer from rest of the substrate to create a freestanding MoS 2 layer. This adds a layer separation energy to the system. In the fourth step, this free-standing layer is then strained introducing the strain energy of the single layer. In the fifth step, the epitaxial film is welded to the free standing layer. This has the consequence that one of the strained Au surfaces is replaced with a strained Au-MoS 2 interface. In the final step, the film/free-standing layer is readhered to the substrate, returning the layer separation energy to the thermal bath, but introducing the energy required to slip the top MoS 2 layer relative to the remaining layers. Taken in total, the sum of the changes in energy for both the substrate and the epitaxial film as compared with their bulk counterparts, ∆E can be written:
where E Au,sur is the energy of the strained Au surface, E f ilm is the energy of the strained film neglecting surface contributions, E sub is the strain energy of the first substrate layer, E Au/S,int is the interfacial and strain energy of the Au-MoS 2 substrate interface, and E slip is the slip energy between the first layer of the substrate and the remaining substrate.
The first four contributions to ∆E can be expressed analytically using linear elasticity theory:
The C f,ijkl , C sub,ijkl are the elastic constants for the film and the top layer substrate. The parameters that enter the theory are determined either by fitting the results of DFT based electronic structure total energy calculations to the continuum theory or by direct DFT calculations. DFT calculations are performed using the plane-wave code VASP [9] .
The exchange and correlation energy are described by generalized gradient approximation proposed by Perdew, Burke, and Ernzerhof [10] . Electron-ion interactions are treated with projector augmented wave potentials [11] . All calculations are performed using a plane-wave basis with a 350 eV energy cutoff. The precision tag is set to "accurate." The convergence criterion for self-consistent field loop is 1 × 10 −8 eV. A 20Å vacuum slab is added along the direction normal to the growth plane to separate the system from its periodic image.
Two epitaxial configurations are considered, as shown in Fig. 3 . In {111} epitaxy Within the density functional theory approach, the change in energy associated with our synthesis path can be written (neglecting the slip energy):
with E tot the total energy of the lattice matched slab including one MoS 2 layer and n Au layers of Au (in each unit cell). E b,Au is the energy per layer of bulk unstrained Au and is energetically favored over {001} oriented epitaxy. However, the energy difference is not too large, and one might expect to see both orientations, with the {111} orientation favored.
Thus the compliant substrate epitaxy model is able to explain the experimental observations of {111} oriented epitaxy of Au on MoS 2 .
Second, the variation of ∆E with thickness is sublinear in the case of compliant substrate epitaxy. This sublinear behavior originates in the fact that the strain energy per layer is decreasing as the film thickness increases. As the film gets thicker, it becomes elastically more stiff, and the first layer of the substrate is forced to deform to a greater extent. Eventually, when the film is infinitely thick, only the first substrate layer deforms, and the elastic energy saturates at a constant. To our knowledge, this reduction in strain energy of the film with increasing film thickness is a unique feature of compliant substrate epitaxy.
These observations suggest the following understanding of the preferred orientation of the films. First, the relaxation of the substrate is not expected to change the sign of the strain energy difference between {111} and {001} oriented films. Based on strain energy alone, one would still expect {001} oriented films, even for a compliant substrate. This implies that the sum of the {111} Au surface and Au/MoS 2 interfacial energies is less than the sum of the {001} Au surface and Au/MoS 2 interfacial energies in the compliant substrate epitaxy, a fact consistent with our fitted parameters (See Supplemental Material). So in this instance, the properties of the interfaces and the surfaces dictate the orientation of the growing film.
This observation is not, in itself surprising. When the films are nucleated, they are very thin, and the surfaces and interfaces can make a significant contribution to ∆E. However, the persistence of the orientation preference with increasing film thickness is remarkable.
Typically, one expects that the strain energy difference would become the dominant term in ∆E, and the favored orientation would change to {001} for thicker films. This is where the compliance of the substrate becomes important. Since the substrate is compliant, the strain energy of the Au film no longer scales with the volume of the Au film. Instead, it monotonically decreases with increasing film thickness, enabling the interfacial and surface contributions to the energy to dictate the stability of the two orientations for all film 
thicknesses.
The model presented here is the not first proposed that exploits a compliant substrate.
As early as 1991, Lo suggested that the quality of some epitaxial films could be improved by employing a compliant substrate [12] . Such a substrate would enable relaxation of the film at the expense of the substrate, but had the potential to increase the quality of the epitaxial film. Lo suggested that such substrates could be produced using standard lithographic methods. Later, Jesser et al. proposed that a compliant substrate might be developed by introducing a subsurface twist boundary [13] . Here, it is noted that layered materials with VDW bonding between them form naturally compliant substrates for epitaxial growth [14] .
Moreover, the VDW bonding, while enabling lateral slip of the substrate, will resist buckling of the film, and thereby help to improve its quality. Though we have examined Au on MoS 2 in detail, the idea is quite general, and should apply to other systems as well.
Note that this version of compliant substrate epitaxy is different from the so-called van der Waals epitaxy [15] . In the compliant substrate epitaxy model, lattice registry is maintained across the interface, and a degree of covalent bonding between the substrate and the film is allowed. In contrast, in the van der Waals epitaxy case, one does not expect lattice registry between the film and the substrate.
We note that compliant substrate epitaxy may have interesting implications for strain engineering and processing of thin films. Consider the strain field near a small Au island in the early stages of the film growth. The MoS 2 under the island will be strain in compression.
This will naturally be accommodated by a tensile strain surrounding the island. Therefore, it might be possible to engineer the positions of the Au nuclei so as to induce a desired strain pattern into the first layer of the MoS 2 substrate. Moreover, it might be possible to use the epitaxial binding as a means of freeing and manipulating the top layer of the MoS 2 , just as was demonstrated for C nanotubes [16] . Finally, the fact that under conditions of compliant substrate epitaxy, surface and interfacial energies can dictate the orientations of thick films raises the possibility of using surface chemistry and/or surfactants to engineer the relative stability of different film orientations within the same materials system.
In conclusion, the epitaxial growth of Au on MoS 2 is studied using a combination of elasticity and density functional theories. It is shown that the compliance of the substrate in conjunction with the relative surface and interfacial energies and strain energies stabilize the {111} growth orientation despite the large lattice mismatch. This system is thus an example of compliant substrate epitaxy. A. These are also in good agreement with the experimental values of 3.122Åand 3.116Å, respectively [2] . The computed elastic constants for these two materials are summarized in Table I . Our calculated results for gold elastic constants (from GGA PBE) are softer than the experimentally measured values [3] . We also calculated the Au's elastic constants using PAW LDA potential (parameterized by Perdew and Zunger) [4] . The LDA results overestimate the elastic constants of Au, as shown in Table I . We further double checked our epitaxy system calculations (with 3, 21 and 24 layers of Au) using LDA. In the LDA calculations, the {111} epitaxy systems are still more stable than the {001} epitaxy systems, as shown in Fig. 1 , which is consistent with the GGA results. We, therefore, present GGA results in the main text.
Supplemental Materials
In the Ref [5] , a discussion of the elastic constants of MoS 2 (both measured and predicted)
is given. The C 12 measured experimentally is negative, which contrasts with the positive value computed here and with the DFT-D2 calculations done by Peelaers and van de Walle. b The previous reports of Au elastic constants can be found in Ref [3] . The reported MoS 2 elastic constants is from Ref [5] . The DFT calculated elastic constnats from this reference is in parenthesis. c Ref [5] argued that the negative C 12 from the experiment is not measured directly and might come from lubricating properties of MoS 2 .
results. The calculated structures and elastic constants are used for the parameters of our continuum elastic model, i.e. the equilibrium volume of the film, the equilibrium area of the substrate/surface/interface and the elastic constants of the film and the top layer substrate. In this section, an esimate of the first layer slip energy for the MoS 2 substrate is presented.
The system we use is a bilayer MoS 2 system. A top view of this system is in Fig. 2 with only the lattice points shown. The two layers coincide at the origin point in the top view (left corner). Each layer contains 21×21 unit cells. The Mo and S atoms are added to the lattice points in the same way as that in the two adjacent layers in the bulk MoS 2 . The interlayer distance is 6.25Å, as obtained from DFT with van der Waals corrections of the pristine bilayer MoS 2 system. To create a slip similar to the compliant substrate epitaxy system, the first layer MoS 2 is strained biaxially by 5% while the second layer is kept fixed. This is the typical amount strain in the Au-MoS 2 epitaxy system. This strain results in a structure wherein the lattice parameters of the slipped layer and the unslipped layer are commensurate (the lattice points coincide in xy plane at the corners of the strained layer).
When the strain is applied, the Mo and S atoms are also displaced with the lattice points and no internal relaxation of the unit cell is allowed. We follows Grimme's D2 method [6] to include the van der Waals (VDW) interaction energy and calculate the interlayer VDW interaction using the formula:
Where the index i goes over the atoms in the first layer and j goes over the atoms in the second layer. r ij is the distance between atom i and atom j. C 6ij is a coefficient which depends on the types of atom i and atom j:
The parameter C 6i and C 6j are tabulated for each element and are insensitive to the particular chemical situation. The values of C 6i for the elements in the first five row of the periodic table are provided in Ref [6] . f dmp (r ij ) is the damping function whose expression is:
s 6 is a global scaling parameter which depends on DFT functionals used. We choose the optimized value for PBE functional (S 6 = 0.75) since the structure of MoS 2 is determined by DFT calculations with PBE functional. The coefficient R 0ij also depends on the types of atom i and atom j:
The values of R 0i for the elements in the first five row of the periodic table are also provided in Ref [6] .
To estimate the slip energy, we compute the interlayer VDW energy of the original and slipped systems described above. The energy difference between these two values provides an estimate of the slip energy. Only the interlayer interaction is counted since the change of the VDW interaction energy within the strained layer is captured in the elastic energy of the substrate. The VDW energy difference calculated from the above method is 0.0019 eV per primitive unit cell of the MoS 2 . As mentioned in the main text, this slip energy makes a negligible contribution to ∆E. A similar order of magnitude of slip energy is expected in {001} epitaxy and other compliant substrate epitaxy systems.
3. Detail strain analysis and minimization of ∆E in {111} and {001} compliant substrate epitaxy.
As shown in Fig. 1(a) through the condition of lattice matching at the interface:
Once the number of Au layers is given, the only variables in the ∆E's expression are ǫ Au,11
and ǫ Au,33 . The ∆E can then be minimized with respect to ǫ Au,11 and ǫ Au,33 . Moreover, in this case, only the combined linear term (f s + f I ), the combined quadratic terms (C Sub,1111 + C Sub,1122 + C I,1111 + C I,1122 ) and the combined free interface and surface energies (γ s + γ I ) enter into the minimized expression for ∆E. (Due to the symmetry of the surface/interface, the linear term can be taken as scalar [7] .) Thus the combined terms can be fitted as a whole to the DFT results.
In the case of {001} epitaxy, the lattice mismatch is about 8% in direction 1 and -6% in direction 2, as shown in Fig. 1(b) of the main text. In the growth plane, the Au film has a pure tensile strain ǫ ′ Au,11 in direction 1 and a pure compression strain ǫ ′ Au,22 in direction 2. The Au film also has a normal strain component ǫ In more detail, the fitting process includes both the energy and the in-plane strains through, These are incorporated within a sum of squares, χ 2 :
In the computed DFT data. w is a weighting parameter that can be used to tune the relative importance of the fit to the energy versus the fit to the strain. This parameter is arbitrary.
Since the DFT calculated energy is more accurate the DFT calculated strain, we choose to put more weight (w = 2/3) on the energy. The fitting process minimizes χ 2 with respect to these unknown parameters in the elasticity theory model. The fitted results for both orientations are summarized in Table II . The fitted energy curves are shown in the Fig. 4 of the main text. The fitted strain curves are shown in Fig. 3 . The strain curves are also in reasonable agreement with the DFT predictions.
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